Krjplon-81m has been continuously eluted in 5% dextrose from a cyclotron-made rubidium-81 generator. The unique physical properties of this inert freely diffusible gas (half-life 13 seconds) have allowed the development of a technique for the constant infusion of this tracer into the aortic sinuses of 25 dogs. Theoretical considerations suggest that an equilibrium of "*Kr activity in the myocardium is principally dependent on blood flow. Experiments have tested the delivery of this indicator and have recorded quantitative high spatial resolution images of the heart with a gamma camera and digital computer. The systematic error was determined by comparing changes in regional blood flow (in ml/g per min, using an electromagnetic flow probe) and changes in calculated flow (ml/g per min) using the regional activity of 81m Kr (P = < 0.001; r = 0.97; y = 908 X + 0.105; n = 60). The random error and uncertainties concerning mixing and streaming of the indicator were tested by repeating measurements with alterations in heart rate, blood pressure, coronary flow, and total myocardial *""Kr activity using different interventions (reproducibility, P = 0.001, r = 0.982; y = 0.982x + -0 . 2 5 7 , n = 100 observations). Any quantification of changes in the myocardial activity of 81m Kr must consider the stability of the arterial concentration of this indicator and washout of """Kr at high values of myocardial blood flow. This ultra-short-lived radionuclide will, however, provide an assessment of changes in the distribution of regional myocardial perfusion.
Continuous Assessment of Regional Myocardial Perfusion in Dogs Using Krypton-81m IN 1968, Yano and Anger first suggested that ultrashortlived radionuclides such as krypton-81m could be used to visualize blood vessels and organs.' Krypton-81m generators were designed to allow the intermittent elution of this gas indicator from its parent compound, rubidium-81 ("'Rb). 2:t This was used initially for ventilation and perfusion studies of the lungs and later for studies of cerebral blood flow. 4 -5 Krypton-81m (half-life 13 seconds) allowed the introduction of a technique for continuous observation and assessment of the distribution of regional myocardial perfusion in dogs. 6 Although the theoretical considerations and initial experiments are of interest, a practical validation of the results by an independent method has not been provided.
It is the purpose of this paper to present an investigation of and validation for the use of 81m Kr for continuous assessment of changes in regional myocardial perfusion (RMP) in 25 dogs.
Methods

Theoretical Considerations
If 81m Kr is infused constantly into the aortic sinuses, the arterial concentration of this indicator will fluctuate with pulsatile blood flow. If the pattern of mixing and streaming of this freely diffusible gas is stable, then the effect, over minutes, will be that a constant quantity of 81m Kr will reach the coronary circulation per unit of blood flow. Accumulation of 81m Kr in the myocardial water space will VOL. 42, No. 6, JUNE 1978 result in an equilibrium of activity within the heart. During a constant infusion the amount of 81m Kr, [Kr] , in a volume of myocardium (V) will depend on: (1) blood flow into the myocardium (F); (2) arterial concentration of the indicator (Ca); (3) blood flow out of the myocardium (F); (4) venous concentration of the indicator [Kr]; and (5) disappearance of the indicator by decay (\)
This model assumes that the venous concentration is in equilibrium with the tissue concentration. 7 P represents the partition coefficient of 81m Kr taken to be 1.0. 8 It is probable that the partition coefficient of 81m Kr will change with different pathophysiologicl circumstances. If one uses this ultrashort-lived tracer, as shown in Equations 1 and 4, the partition coefficient is related to the washout of the isotope I -I and therefore takes a secondary role in the myocardial signal of 81m Kr activity. The myocardial equilibrium of 81m Kr in the heart will be influenced by arrival of 81m Kr, by blood flow, and by rapid decay. Small changes in the partition coefficient will not be important. This is quite unlike the circumstances that exist when considering the washout of a long-lived indicator such as xenon-133. 7 (1) The decay constant for 81m Kr is 3.2/min, and this means that the time constant for observing a change in the equilibrium of 81m Kr activity in the myocardium must be more than 13 seconds and preferably 30 seconds. The magnitude of fluctuation of 81m Kr in the arterial blood with each heart beat will be small in comparison to the quantity of the active indicator in the myocardial water space. The denominator in Equation 1 is influenced by the high value for the decay constant. Hence, the steady state myocardial 81m Kr activity is principally dependent on the arrival of the tracer, i.e., myocardial blood flow (F) rather than its removal. 6 If the delivery of 81m Kr is such that the mean concentration of the tracer in the arterial blood is constant (when measured at 30-second intervals), it is possible to examine theoretically the change in the myocardial signal, [Kr] which results from changes in myocardial blood flow (F). For any change in myocardial blood flow from F, to F 2 we have the following expressions for the corresponding myocardial counts/min of 81m Kr, [Kr]. (2) F,(Ca) = g[Kr 1 ] -fP + 3.2 (3) where g is the relative detection efficiencies between counting the myocardial 81ln Kr content, [Kr] , and the concentration of 81m Kr in the arterial blood (Ca). If it is assumed that in any single experiment Ca does not change significantly and g remains constant, it is possible to solve for F 2 By calibrating the 81m Kr counts in this way it is possible to test: (1) the theoretical considerations, (2) the stability of the arterial concentration, mixing and streaming of the indicator, and (3) whether this technique can detect changes in regional myocardial perfusion.
Experimental Protocol
Mongrel dogs weighing 30-55 kg were anesthetized with intravenous sodium thiopental (12 mg/kg). Ventilation was provided via a cuffed endotracheal tube and a mechanical ventilator. Anesthesia was maintained by the intermittent intravenous injection of pentobarbital (1.5 mg/kg). Care was taken that with each administration the eyelash reflex was not abolished and the heart rate and blood pressure did not change by more than 5%. A left thoracotomy was performed and the heart supported in a pericardial cradle. A reversible snare was placed around the left anterior descending coronary artery (LAD) or a major branch of this vessel (Fig. 1 ). This allowed occlusion and release to be effected without interfering with imaging.
A modified Paulin ring cardiac catheter (Cooks Catheter Co.), introduced through a femoral arteriotomy, was seated below the coronary ostia in the aortic sinuses. 9 81m Kr was eluted continuously in normal saline from a 81 Rb generator and infused in 5% dextrose at 10 ml/min by a constant rate infusion pump (Watson-Marlow MHRE200). 6 The dog's heart was positioned under a wide-field gamma camera (Toshiba GCA 202), and images were recorded on Polaroid or 35-mm film with the dog in the left lateral position. The resolution of this camera plus Krypton -81m + 5% dextrose FIGURE 1 The experimental diagram shows the s 'Rb generator, infusion pump, and the aortic sinus catheter. Regional coronary flow was measured using an electromagnetic flow probe. The LAD snare is shown. collimeter for 8lm Kr was 7 mm, using a line spread function. Quantitative high spatial resolution images of total and regional myocardial counts/min of 81m Kr were recorded with the gamma camera and a digital computer (Deltron-Nova 1220). These quantitative images were recorded on a magnetic disc at 30-second intervals throughout the experiments. The digital computer was programmed to recall and display images recorded on an oscilloscope screen within a 64 x 64 matrix of squares. An electronic light pen was available to enclose up to seven areas of interest within the matrix, and the computer was capable of displaying the counts recorded in each area of interest for each 30-second interval of the experiments. Corrections were made for the decay of 8l Rb. A cannula was inserted into the second femoral artery, and thoracic aortic pressure was measured with Statham P23Db pressure transducer. The ECG (standard lead 2) was continuously monitored, and these variables were recorded on a multichannel instrument (Hewlett-Packard, 7788A).
A suitably sized standard error electromagnetic flow probe was fitted to the coronary vessel immediately proximal to the snare. The probe diameter varied between 3 and 5 mm. Pulsatile regional coronary flow was recorded by connecting the probe to a standard error flowmeter (SEM 275). The flowmeter system has a carrier frequency of 285 Hz and the output is nominally flat (down less than 3 dB) to 80 Hz. Numerous mechanical occlusions of the LAD were made by a distally placed snare to ensure an accurate zero level throughout the studies. Recordings were selected for analysis only if, in adjacent zero determinations, there was a change in zero level of less than a 5% of peak flow. The flow probes were calibrated in situ at the end of the experiments by cannulating the main left coronary artery, tying off all the branches except the one of interest, and perfusing that artery with the dog's own blood from a continuous infusion pump. The areas under the systolic and diastolic portions of the phasic flow tracings were analyzed by planimetry and were calculated by using the calibration data flow in milliliters per minute (ml/min). The mean of six measurements of flow in ml/ min for each control period and each intervention was used. The dicrotic notch of the arterial pressure wave was taken as the beginning of diastolic coronary flow.
Each experiment was started by positioning the dog's heart under the gamma camera. 81m Kr in 5% dextrose was delivered by constant infusion into the aortic sinuses. The total and regional myocardial activities of the indicator were recorded for 20 minutes while heart rate, aortic pressure, and phasic regional coronary flow were stable. The LAD was occluded for 30 seconds and a region on the heart on the visual display showing diminished 81m Kr activity was identified. The camera was rotated in relation to the heart so that the area of interest was positioned on the edge of the image. This minimized the effects of counts from the opposite side of the heart when investigating regional counts/min (CPM) in the area under study.
A variety of interventions was used to change total or regional myocardial blood flow.
1. The atria were placed at rates of 150 to 225 beats/ min (n = 25 dogs).
2. Intravenous isoproterenol was given at between 0.15 and 0.4 /u.g/kg per min (n = 25 dogs).
3. Temporary LAD occlusion was used to produce 2.0 and 5.0 minutes of regional ischemia followed by reperfusion (n = 25 dogs). 4. Pentobarbital (3.0 mg/kg, iv) was used to produce decreases in coronary flow (n = 20 dogs).
Regional coronary flow (electromagnetic flow probe) and total and regional myocardial CPM of 81m Kr were recorded before, during, and after each intervention, when heart rate, blood pressure, and phasic regional coronary flow were stable.
The reproducibility of changes in 81m Kr myocardial CPM was tested in three ways.
1. Total CPM of 81m Kr was recorded for 20 minutes before the interventions were initiated and while heart rate, blood pressure, and regional coronary flow (electromagnetic flow probe) were stable (n = 25 dogs).
2. In each experiment, the total and regional myocardial CPM of 8lm Kr were recorded before, during, and after interventions affecting the whole heart (i.e., atrial pacing, pentobarbital and isoproterenol) and in those producing local changes (i.e., LAD occlusion). The dogs were allowed to recover so that heart rate, blood pressure, and coronary flow returned to control. At least four interventions were used in each experiment and at least two of these were repeated. The initial control myocardial 8lm Kr activity and the controls after the interventions were compared. The effects of the same intervention delivered 774 CIRCULATION RESEARCH VOL. 42. NO. 6. JUNE 1978 twice on total and regional myocardial Hlm Kr CPM were compared (n = 25 dogs).
3. In each dog, the quantitative images of myocardial 81m Kr recorded before, during and after those interventions that affected the whole heart, were divided into six areas with an electronic light pen, using the visual display. The activity in each area was expressed as a ratio of the total myocardial activity. Six ratios from each heart were calculated before, during, and after each intervention (n = 25 dogs; 125 observations). A two-way analysis of variance was used to test whether the control or intervention ratios changed during the experiments.
After the interventions, the heart remained in position under the gamma camera and the LAD carrying the flow probe was occluded for 45 seconds. The regional decrease in activity of 81m Kr was recorded with the gamma camera and digital computer and was outlined on the visual display with an electronic light pen. The position of each heart and region of interest were checked by comparing this area to the one outlined at the beginning of the experiments. The background activity was estimated by the simultaneous recording of CPM from an area around the image in the field of the gamma camera. This area was the same size as the heart image. Total myocardial CPM were analyzed by constructing an area of interest including the whole heart and excluding the aortic root. The background activity was typically less than 3% of the myocardial activity. The edge of the image of myocardial activity was therefore clearly delineated when constructing the areas of interest with an electronic light pen.
At the end of each experiment, patent blue 5 dye was selectively injected into the vessel carrying the flow probe. The heart was stopped within 3 seconds with intra-arterial potassium chloride. 10 This outlined the area of supply for dissection. The heart was removed and the myocardium supplied by the coronary vessel carrying the probe was dissected out and weighed. Paired Mests and linear regression analysis were used to examine the systematic and random errors using krypton-81m.
Results
The arterial tension of oxygen and carbon dioxide did not vary beyond the normal ranges (Po 2 , 95-125 mm Hg; and Pco 2 , 36-42 mm Hg) in all the dogs. The arterial pH was maintained between 7.41 and 7.48. The measured background activity did not exceed 2.5% of the total myocardial activity of " lm Kr in any of the experiments. There was no detectable activity in the lung fields (i.e., no more than 2% of the total myocardial " lm Kr CPM counting areas of equivalent size. Figure 2 shows four images of the myocardial distribution of 81m Kr. This typical example from one experiment shows images recorded before, during, and after intravenous isoproterenol was administered. Each image was composed by recording 100,000 counts. The regional activity in six selected areas of interest was expressed as a ratio of the total 81m Kr myocardial CPM. These ratios did not change by more than ±4% in any of the experiments (a two-way analysis of variance was used to show that the changes were insignificant in 125 observations). The myocardial distribution of 81m Kr was tested in this way by using interventions that altered regional coronary flow, heart rate, and aortic blood pressure. The myocardial distribution was changed if the ring catheter was withdrawn into the ascending aorta.
Quantitative images recorded at 30-second intervals showed no evidence of beat-to-beat fluctuations in myocardial 8lm Kr activity that may have been present due to the pulsatile nature of the coronary arterial circulation. Occlusion of a major branch of the LAD resulted in images showing regional defects in activity (Fig. 3c ). On release of the coronary snare, a regional reactive increase in activity was seen (Fig. 3, d and e ), and after 20 minutes the images returned to control (Fig. 3f) .
Areas of interest were constructed around the region supplied by the snared coronary vessel and the rest of the Figure 3 . The control period shows a stable baseline of regional coronary flow /electromagnetic flow fe.m.f.) probe] and regional activity of * lm Kr. Regional myocardial diminution in slm Kr activity and zero coronary flow follows occlusion of the LAD. Reactive hyperemia and recovery of both parameters is shown after LAD release. myocardium. Figure 4 shows a typical example of the time course for the changes in regional phasic coronary flow (electromagnetic flow probe) and the regional changes in myocardial 81m Kr activity.
Reproducibility
The total myocardial activity of 81m Kr varied by no more than ±4% in each dog during the 20-minute control period while heart rate, blood pressure, and regional coronary flow (electromagnetic flow probe) were stable (n = 25 dogs).
In each dog, control values for regional and total 81m Kr CPM before and after interventions were compared. The effects of identical interventions given twice on 81m Kr CPM were also compared (total observations = 100). The return to control and the changes in regional and total myocardial activity produced by repeating interventions were highly reproducible (P = < 0.001; r = 0.982; y = 0.982X + -0.257; linear regression).
In each dog, the resting reference control regional coronary flow in ml/g per min was calculated using the flowmeter data. The specific gravity of myocardium (1.05) was used to convert this to flow per unit volume (F,/V). This was related to the resting control regional CPM of 81m Kr in that area [K,]. During each intervention, a new value for flow per unit volume (F 2 /V) was calculated using the new regional CPM of 8lm Kr, [K 2 ], and Equation 4. This result was converted to ml/g per min and compared to the new regional coronary flow measured using the electromagnetic flow probe and weight of myocardium 
FIGURE 5
The relationship between measured regional myocardial blood flow (electromagnetic flow probe and weight of segment) and calculated regional myocardial blood flow using the changes in the regional activity of 81m Kr in the same segment. The open circles represent the initial values of regional blood flow measured with the probe and used to calibrate subsequent changes in myocardial Sim Kr activity.
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supplied. The relationship shown in Figure 5 was statistically significant.
Discussion
Krypton-81m emits a monoenergetic 190 keV gamma ray. The gas is biologically and chemically inert and diffuses freely. This indicator can be eluted continuously from the cyclotron-produced radioactive parent, rubidium-81, contained in a portable generator. 3 Kaplan and Mayron" have shown that when 81m Kr was infused into the coronary circulation there was no significant detectable activity in the lung fields.
The major disadvantage of using 81m Kr is the delivery of the indicator which requires an invasive technique. The use of radiopotassium and related radionuclides is much less invasive but makes certain assumptions about myocardial cell membrane metabolism. 12 The energies emitted by 43 K, 201 TL, 80 Rb, and 131 Cs can impair image resolution seriously. 13 The clearance of 133 Xe from the heart is a function of myocardial blood flow. 7 The partition coefficient must be considered because of the accumulation of this gas in fat. Also, these techniques generally do not provide images of high spatial resolution. Radioactive microspheres must be injected into the left atrium to assess myocardial blood flow and can provide detailed quantitative measurements separating endocardial and epicardial events. This cannot be done in man; the measurements are not dynamic and problems of uneven vascular distribution must be considered. 14 In these experiments the systematic error was tested within a segment of ventricular myocardium. A different experimental design will be necessary if this technique is required to assess changes in overall or total myocardial perfusion.
The gamma camera used in this way cannot record the regional myocardial distribution of 8lm Kr in three dimensions. This can be overcome partially by observing the region of interest on the edge of the image of myocardial activity. This minimizes interference from 81m Kr CPM from the opposite side of the heart. In its present form, this technique cannot separate endocardial and epicardial CPM of 81m Kr. Pinhole collimation of transaxial emission scanning may be of help in the future.
Changes in the regional distribution of activity could occur if the delivery, mixing, or streaming of the indicator were unstable. These experiments showed that when the position of the catheter was stable and a constant infusion was delivered into the aortic sinuses, a stable baseline of total myocardial CPM of 81m Kr could be recorded. Six selected areas of myocardium in each dog received the same proportion of 81m Kr activity when heart rate, blood pressure, and coronary flow were altered by interventions that affect the whole heart. This suggested that, in these experiments, mixing and streaming of the indicator in the aortic sinuses and coronary circulation were stable. The myocardial distribution of radioactively labeled microspheres and 81m Kr were identical when both were administered in the same way using the ring catheter. 6 It is necessary to consider that as blood flow increases the effects of washout of 8un Kr on the relationship between regional CPM of the tracer and blood flow become more important. In this study, a reference technique was used to determine this relationship. Using theoretical considerations, it was possible to calibrate the regional myocardial activity of 81m Kr. Figure 5 demonstrates the systematic error and shows a significant relationship between measured and calculated myocardial blood flow.
If regional CPM of 81m Kr are used in this way to calculate changes in myocardial perfusion, the concentration of the indicator in blood delivered to the coronary circulation must be stable or measured and incorporated in the calculations. In these experiments, the relationship between calculated and measured regional myocardial perfusion suggested that the arterial concentration did not change enough to invalidate the theoretical considerations or the comparison with a reference technique. If arterial concentration of 81m Kr altered, but mixing and streaming were stable, then regional activity could be used to assess relative changes in the regional perfusion of one area in relation to the surrounding myocardium. In conclusion, investigations of the systematic and random errors have shown that the indicator must be delivered into the aortic sinuses and that the myocardial distribution of 81m Kr during a constant infusion is stable. Absolute quantitation of flow is difficult because the geometrical relationship between a heart and the gamma camera is complex, the arterial concentration of the indicator must be stable, and washout of 81m Kr at high values for flow unit volume must be considered. The theoretical considerations and these experiments have shown that the unique physical properties of 81m Kr can be used to assess changes in regional myocardial perfusion.
